Hepatitis C virus infection leads to a high rate of chronicity. Mechanisms of viral clearance and persistence are still poorly understood. In this study, hepatic gene expression analysis was performed to identify any molecular signature associated with the outcome of hepatitis C virus (HCV) infection in chimpanzees. Acutely HCV-infected chimpanzees with self-limited infection or progression to chronicity were studied. Interferon stimulated genes were induced irrespective of the outcome of infection. Early induction of a set of genes associated with cell proliferation and immune activation was associated with subsequent viral clearance. Specifically, two of the genes: interleukin binding factor 3 (ILF3) and cytotoxic granuleassociated RNA binding protein (TIA1), associated with robust T-cell response, were highly induced early in chimpanzees with self-limited infection. Up-regulation of genes associated with CD8+ T cell response was evident only during the clearance phase of the acute self-limited infection. The induction of these genes may represent an initial response of cellular injury and proliferation that successfully translates to a ''danger signal'' leading to induction of adaptive immunity to control viral infection. This primary difference in hepatic gene expression between self-limited and chronic infections supports the concept that successful activation of HCV-specific T-cell response is critical in clearance of acute HCV infection. This is an open-access article distributed under the terms of the Creative Commons Public Domain declaration which stipulates that, once placed in the public domain, this work may be freely reproduced, distributed, transmitted, modified, built upon, or otherwise used by anyone for any lawful purpose.
Introduction
Since the identification of hepatitis C virus (HCV) in the late 1980s, HCV infection has been recognized as a growing public health problem in the world. It is estimated that about 200 million people are chronically infected [1] . No HCV vaccines are available to date and only a subset of patients respond to current interferon-based treatment [1] . Much research effort has been focused on understanding the mechanisms of infection, persistence and clearance of HCV. Studies on hepatic gene expression in chimpanzees and humans have revealed intriguing differences between acute resolving and chronic HCV infections [2] [3] [4] [5] [6] . In the chimpanzee model, HCV infection induces type I IFN response and activation of a large number of interferon stimulated genes (ISGs) in the liver [2, 6, 7] . However, hepatic induction of type I IFN occurred in all animals irrespective of the outcome of infection [6, 8] . Thus, type I IFN may restrict excessive viral replication in the early phase of infection but does not seem to play a major role in subsequent viral clearance. Similar to experimentally infected chimpanzees, gene expression analysis of percutaneous liver biopsies in HCV infected humans demonstrated increased ISG expression, suggesting an ongoing host cellular response to viral infection [4] . It is not well understood why HCV is not cleared from these individuals despite the activation of potent antiviral ISGs. It is possible that in these individuals with viral persistence, the cellular response to IFN is inefficient compared to those who clear the virus. Weak induction of the ISG antiviral state coupled with an ineffective cellular immune response could therefore promote chronicity [3] .
Studies of temporal changes in gene expression are central to understanding viral clearance, persistence and hepatic injury in chronic HCV infection. The intrahepatic T cell response to HCV correlates with control of acute infection [7] . Cytokine and immunomodulatory genes, generally known to be chemotactic and/or stimulatory to various immune cells were observed to be induced within the first 6 to 8 weeks after infection [2] . Viral clearance is associated with a vigorous HCV-specific T-cell response in the liver with both cytotoxic and non-cytotoxic effector functions. However HCV persists in the majority of acutely infected patients. The mechanisms leading to the failure of HCV-specific T-cell response and viral persistence are highly complex and still not fully understood. Therefore it is important to compare the spectrum and magnitude of hepatic gene expression in individuals who spontaneously clear infection and those who progress to chronicity. In this study we examined the host response to HCV infection by applying gene expression profiling of serial liver biopsies during acute HCV infection and identified unique gene expression patterns that are associated with specific outcomes of infection.
Results

Hepatic gene expression during early stage of selflimited infection
To identify differentially expressed hepatic genes associated with early stages of HCV infection, a database of expression levels was generated and queried for genes whose expression was outside a calculated 99% confidence interval at different times. Using this confidence interval, 1% of genes with the greatest-fold change or least-fold change are defined as significantly up-or down-regulated (see Materials and Methods). For chimpanzee X0190 with selflimited infection, 347 genes were induced above the confidence interval (.1.9-fold change) at 4 weeks post-infection. Some of the induced genes were related to antiviral and/or type I interferon response, consistent with ongoing HCV infection. To refine our search and to further identify genes specifically associated with the early phase of infection, the database of expression levels for X0190 was queried again for genes above the confidence interval at two time points, weeks 4 and 6 post-infection (.1.9-and .2.1-fold induction), and below the confidence interval at weeks 13 and 40 (,2.2-, and ,2.4-fold induction) when the chimpanzee had cleared the infection. By using these criteria, 22 genes were significantly up-regulated, 9 of which are known to be induced by type I interferon ( Table 1) . The remaining 13 genes are classified as Cellular Immune Response Related or Cell Growth/Signal Transduction Related.
Comparison of hepatic gene expression during selflimited and persistent infections
To determine whether a different pattern of gene expression is observed between infected chimpanzees in this subset of genes, biopsy samples from two persistently infected chimpanzees X0234 and X0142 were compared to chimpanzee X0190 (Table 1) . Within the first 8 weeks of infection, a large number of type I interferon stimulated genes (ISGs) were strongly up-regulated in all chimpanzees. Type I interferon induced genes are the first line of innate defense against viral infection and also function to prime and modulate adaptive immune response. A qualitative or quantitative difference of ISG induction could not be correlated with persistence or clearance. However several genes related to cellular immune response and cell growth/signal transduction, such as ILF3, TIA1, FOSB, JUN, ID2, were differentially induced in chimpanzee X0190.
At later time points for X0190, none of the type I interferon response genes were significantly upregulated, consistent with the clearance of viremia and resolution of infection. Interestingly, a similar gene expression pattern was also observed for the persistently infected chimps. In X0234, some of these genes that were induced earlier returned to baseline at week 10, but became elevated again at week 12 post-infection. It has been shown that acutely infected chimpanzees and humans can have markedly fluctuating levels of viremia during the acute phase, possibly indicating transient control of viral infection [9] [10] [11] . This transient control could explain the lack of continuous induction of ISGs at certain time points. In particular, the viral level of X0234 at week 8 was 4000 genomes/mL, week 10 was 600 genomes/mL (borderline detection), and week 12 was 7000 genomes/mL. Additional biopsy samples from one of these animals, X0142, were collected at much later time points during the chronic phase (Fig. 1) . Up-regulation of many ISGs was again observed, suggesting the establishment of chronic infection. This observation is consistent with previous publications [3, 6] .
As an alternative approach to identify genes induced during the early stage of infection that could be associated with clearance, the average expression profile of persistently infected chimpanzees (X0234 and X0140) was compared to the average expression profile of chimp X0190 during weeks 4 and 6. We reasoned that any difference between the two groups of animals, if significant, might be more easily detected by averaging the gene expression values during this time frame. Furthermore, we might identify a different set of induced genes compared to our previous analysis (e.g. genes whose fold-induction levels were within the confidence interval for at least one time point but were on average higher during the acute phase of infection).
During the first eight weeks of self limited infection (X1090) we found 36 known genes induced 2.5-fold or greater over those during persistent infection (X0234 and X0140). The averaged ratios of induction are shown in Table 2 . Six of these genes were also found on the list of the previous analysis of chimpanzee X0190 at weeks 4 and 6 ( Table 1) .
Hepatic gene expression during the clearance phase of self-limited infection
To identify genes that may be specifically induced during viral clearance in chimpanzee X0190, the database of expression levels was queried for genes above the confidence interval at 13 weeks post-infection (.2.2-fold induction) and below this interval at 4, 6 and 40 weeks (,1.9-, 2.1-, and 2.4-fold induction). Forty-four genes were significantly up-regulated at 13 weeks (Table 3) . Twenty of these were associated with activation of cellular immunity and as such were classified as Cellular Immune Response-related. Consistent with the previous observation of active HCV-specific T-cell response in biopsy specimens during resolving infections, we found evidence for a vigorous immune response involving induction of CD8+ T-cell markers (CD8 antigen and components of the T-cell receptor) and effectors of CD8+ T cells (granzyme A and interferon-gamma) in X0190. The remaining 25 genes significantly induced at 13 weeks could be classified as Cell Growth/Signal Transduction-related (Table 3) .
To discern additional differences between the self-limited and chronically infected chimpanzees, the averaged expression profiles of the two persistently infected chimpanzees (X0142 and X0234) from weeks 10 to 12 were compared to those of chimpanzee X0190 during clearance (week 13). We reason that viral clearance may be associated with a distinct set of gene expression in the liver. By comparing the gene expression profiles at about the same time when the chimpanzee is undergoing viral clearance to those of chimpanzee who is not could provide valuable insight into the mechanism of viral clearance. During this phase, 20 known genes of X0190 were induced 2.5-fold or greater over the average values of the equivalent time points of X0142 and X0234 (Table 4 ). Of these, 5 genes are also in Table 3 .
Quantitative PCR confirmation of selected genes
To confirm the microarray data, TaqMan real-time PCR was performed on selected genes from each analysis. For ISGs, GIP2 and IFIT1 were analyzed. Among the genes identified in Tables 1  and 2 , ILF3, TIA1, ID2 and JUN were selected for quantitative PCR. In addition, serial liver biopsy RNAs from another chimpanzee that developed chronic infection after inoculation with a different HCV strain (H77 1a) were analyzed. The data in general support the microarray results. The ISG expression varied among the chimpanzees, but showed no significant difference between self-limited and chronic infections. The genes (ILF3, Table 1 . Genes induced during the early phase of self-limited and persistent infections. The bold and italicized values represent data above the 99% confidence interval as described in the text. doi:10.1371/journal.pone.0003442.t001
TIA1, ID2 and JUN) identified to be different by microarray during the early phase of HCV infection between the two groups were confirmed by quantitative PCR. Their expression levels were 10 to 100-fold higher in X0190 than those of other three chimpanzees.
Discussion
HCV infection can lead to a high rate of chronicity, with 70-80% of infected persons developing persistent infection [1] . The mechanisms by which HCV establishes chronic infection have been the subject of intense research. Failure of HCV-specific immune response, particularly of the T cells, has been proposed as the cause of chronicity [12, 13] . Studies in humans and chimpanzees have shown that T cell-mediated immunity is important for viral clearance [14, 15] . However, the pivotal question remains as to how the host immune response fails during the acute HCV infection so it can no longer control the virus, resulting in persistent infection. Thus it is crucial to define the molecular and cellular mechanisms by which the antiviral host response is activated and regulated during the early stage of acute HCV infection. Furthermore, because the major site of viral tropism is the liver, it is essential to study these events in the liver. One approach to elucidate this complicated process is to study the global gene expression profile in the liver during the acute phase of viral infection, and to discern unique patterns that are associated with either viral clearance or progression to chronic infection.
We previously reported the infection of three chimpanzees with an infectious HCV genotype 1b clone; one had acute self-limited infection and the other two developed chronic infection [16] . We reported that regardless of the outcome of infection, peripheral Tcell responses were weak and comparable among the chimpanzees during the course of infection; however, intrahepatic T-cell response was not analyzed [17] . In this study, serial liver biopsies were available in these chimpanzees and were used for cDNA microarray analysis. Analysis of these gene expression patterns revealed that a type I interferon response was induced during the early phase (4-8 weeks) of infection in all chimpanzees regardless of the outcome of infection. Various well-defined interferon stimulated genes were up-regulated in all the liver samples. This observation is consistent with previous studies describing that type I interferon response is rapidly induced in the liver in response to HCV infection [2, 6] .
Interestingly, several genes were specifically induced in the recovered chimpanzee during the early phase of infection but not in those chimpanzees with chronic infection. Two of the genes are interleukin enhancer binding factor 3 (ILF3) and cytotoxic granule-associated RNA binding protein (TIA1). This difference was also confirmed by quantitative RT-PCR (Fig. 2) . Both of them are related to cellular immune response and may potentially herald the emergence of a robust T-cell response later. The other genes could be functionally clustered into cell growth/signal transduction pathways. Genes such as FOSB, JUN, JUNB, and ID2 (Tables 1 and 2 ) are typically associated with the immediate early genes during liver regeneration [18, 19] . Several studies reported that ID2 (Inhibitor of DNA binding or Differentiation) protein, a helix-loop-helix transcription factor, has important roles in cell growth, differentiation and angiogenesis [20, 21] . ID2 is also essential for NK lineage commitment from bipotent progenitors of both T and NK cells [22] . Other up-regulated genes including EGR1, ETR101, CDK9 and RelA, are also related to cell growth and proliferation [23] [24] [25] . Induction of EGR1 and ETR101 is also part of the early proliferative response in the liver. In addition, EGR1 is involved in the induction of FasL in T cells [26] and the ETR101 has been implicated in T cell proliferation and maturation [27] . These two genes might represent the induction of a successful T cell response against HCV in chimpanzee X0190 but not in X0142 and X0234. The induction of these genes may signify the initial phase of hepatocyte injury and proliferation, despite the absence of aminotransferase elevation and liver pathology during this stage of infection. This observation has implication with respect to the induction of adaptive immunity that is important for the subsequent control of viral infection. This pattern of gene expression in the liver may represent a successful ''danger signal'' that has been proposed to be a trigger for adaptive immunity. The lack of induction of these genes in chimpanzees that progress to chronic infection may actually represent a failure to amplify anti-viral T-cell response. This intriguing hypothesis awaits further studies to clarify the role of these genes during HCV infection.
During acute HCV infection, a rapid IFN response limits virus replication and spread in the liver until virus-infected hepatocytes are cleared by specific T-cell immune response [3] . Analysis of gene expression patterns during the viral clearance phase of chimpanzee X0190 reveals the intrahepatic induction of cellular immune response. This is particularly evident with markers of CD8+ T cell response including granzyme A, CD8 antigen, T cell receptors, and interferon-gamma (Table 3) . On the other hand, fewer of these genes were induced and at a lower magnitude in chimpanzees with chronic infection. These findings are consistent with a recent study on hepatic gene expression in chimpanzees during acute HCV infection [2, 6] , and support the importance of T cell immune response in controlling HCV infection [28] [29] [30] [31] [32] [33] 12, 34, 7] . Other genes that were preferentially induced during the clearance phase are diverse. They do not overlap with those genes induced during the early phase of infection and may Table 3 . cont.
represent a more complex array of molecular and cellular events during viral clearance. All these genes returned to baseline expression after viral clearance. In contrast, many ISGs remained elevated in chimpanzees with chronic infection, indicating an ongoing type I IFN response to persistent HCV infection. In this study, molecular profiling of gene expression patterns in chimpanzees with serial liver biopsies during the course of infection provides valuable information on the potential mechanisms of viral clearance and persistence. Although the number of animals is small, we are able to define a unique gene expression pattern associated with viral clearance and demonstrate the potential importance of induction of certain genes in a ''successful'' anti-HCV response. IFN-stimulated genes (ISGs) are induced similarly regardless of the outcome of infection. Early induction of a set of genes associated with cell proliferation and immune activation appears to be involved in subsequent viral clearance. Furthermore, evidence for a strong intrahepatic induction of cellular immune response in chimpanzees associated with selflimited infection is present. These findings support the importance of T-cell immune response in controlling HCV infection. Additional studies in other chimpanzees or humans with wellcharacterized course of acute infection are necessary to confirm these observations.
Materials and Methods
Animals
Chimpanzees (Pan troglodyte) were housed at the Southwest Foundation for Biomedical Research, an Association for Assessment and Accreditation of Laboratory Animal and Care (AAALAC)-accredited facility, and the study protocol was approved by the Institutional Animal Care and Use Committee at the Foundation and by the Interagency Animal Model Committee at the National Institutes of Health. Three chimpanzees (X0190, X0142 and X0234) were infected with HCV CG1b strain, either by intrahepatic inoculation of HCV RNA or HCVpositive serum, as described previously [16] . One animal X0190 recovered from the infection and the other two (X0142 and X0234) developed chronic infection. The infection courses of all three chimpanzees have been described in detail previously [16, 17] and summarized in Fig. 1 with time points of liver biopsy. Another chimpanzee X6412 was infected with H77 1a strain and developed chronic infection [35] . Serial liver biopsies of this chimpanzee were provided by Stephen Feinstone of FDA.
RNA extraction and microarray expression analysis
RNA was isolated from liver biopsies (about 20 mg of liver tissue which gives 10-15 mg of total RNA) of the chimpanzees. Deposition cDNA microarrays containing 8703 features were generated from IMAGE clones (ResGen, Huntsville, AL) as described previously [36, 37] . Liver biopsies were extracted directly with Trizol (Invitrogen, Carlsbad, CA) and Dounce homogenization. Following chloroform extraction, RNA samples were further purified with RNeasy columns (Qiagen, Valencia, CA). 5-20 mg total RNA was typically isolated from each liver biopsy and 5 mg of RNA was amplified using a RiboAmp protocol (Arcturus Bioscience Inc, Mountain View, California). A single round of amplification yielded approximately 60 mg of polyA-selected RNA, of which 2.5 mg was labeled by using the CyScribe firststrand cDNA and labeling protocol (Amersham/Pharmacia, Figure 2 . Real-time PCR quantification of candidate genes involved in viral clearance and persistence. TaqMan real-time PCR was performed as described in Materials and Methods. The y-axis shows the relative unit of a given gene normalized to GAPDH and 18s rRNA. Data are expressed as means6SEM. In all cases, average values obtained during the first eight weeks of infection were compared between recovered (X0190) and chronically infected chimpanzees (X 0234, X0142 and X6412). * P,0.05, ** P,0.01, *** P,0.01, **** P,0.005. doi:10.1371/journal.pone.0003442.g002
Piscataway, New Jersey). Briefly, RNA was reverse transcribed to produce Cy-5 labeled cDNA while Cy-3 labeled cDNA was made in a similar manner from pre-infection or uninfected reference liver RNA. Individual Cy-5 labeled samples were mixed with the Cy-3 labeled reference and hybridized overnight at 65uC in an aqueous based hybridization solution. Detailed RNA isolation, labeling and hybridization protocols are available at http:// research.nhgri.nih.gov/microarray/. Slide images were acquired by an Agilent scanner (Agilent Technologies, Palo Alto, CA). Gene assignments and expression data were extracted using the DeArray Suite [38] for IPLab spectrum. The resulting data was downloaded to FileMaker Pro (FileMaker Inc., Santa Clara, CA). Phenotype averaging was performed using the BRB array tools, developed by the Biometrics Research Branch, Division of Cancer Treatment and Diagnosis and available to download on the web: http://linus. nci.nih.gov/BRB-ArrayTools.html
Real-time Quantitative PCR
Real-time quantitative PCR was used to confirm the microarray findings. Complementary DNA (cDNA) was synthesized from total RNA (isolated from liver biopsy samples) with First-strand cDNA Synthesis System (Marligen Biosciences, Ijamsville, MD). In addition, we analyzed serial liver biopsy samples from a chronically infected chimpanzee (X1602, infected with genotype 1a H77 strain) by TaqMan PCR quantification of selected genes of interest. The primers and probes used were obtained from Gene Expression Assays (Applied Biosystems, Foster City, CA). Each reaction was performed in duplicate, and all samples were standardized using the internal control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene and 18S rRNA. Reactions were set up with 12.5 mL TaqMan universal PCR master mix, cDNA template, and 1.25 mL primers and probe mix in a final volume of 25 mL. Reactions were performed on an iCycler iQ Multicolor Real-Time Detection System (Bio-Rad, Hercules, CA) with the following reaction conditions: 95uC for 10 min, followed by 40 cycles of 95uC for 20 sec, 60uC for 1 min, and additional incubation at 68uC for 10 min.
Statistical Analysis
The overall significance was assessed by 1-way ANOVA and significant difference between groups was assessed by the Student's t-test.
